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Dispersion of quantum well states in CuÕCoÕCu„001…
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Quantum well states~QWS’s! in Cu thin films grown on Co/Cu~001! were studied using angle-resolved
photoemission spectroscopy. For the normal photoemission, QWS’s from both lower and higher energy bands
relative to the vacuum level were measured, and explained by phase accumulation method. QWS’s from the
lower band were studied in detail as a function of the in-plane momentumki . We found that the QWS
dispersion depends on the Cu film thickness. From the experimental data, we deduced the quantized perpen-
dicular momentumk' and the energy as a function ofki . Our results show that the in-plane effective mass can
not be obtained by a simple parabolic fitting of theE vs ki due to the dependence ofk' on ki .
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I. INTRODUCTION

Electrons inside a metallic thin film experience confin
ment in the normal direction of the film to form quantu
well states~QWS’s!.1 There has been a great interest recen
to study the QWS’s and the associated new propertie
low-dimensional systems. It was found that QWS’s play
key role in a number of important phenomena such as
oscillatory interlayer coupling,2,3 the magnetic anisotropy,4

and the stability of magic thickness,5 etc. For QWS’s below
the Fermi level (EF), photoemission provides the most d
rect measurement. In particular, the QWS in the normal
rection of the film (ki50) has been well studied and can
understood quantitatively by the so-called phase accum
tion method~PAM!.6–8 One striking feature associated wi
QWS’s in metallic thin films is that the QWS energy belo
the vacuum levelincreaseswith the film thickness due to the
envelope modulation of the electron wave function by
lattice potential.9 This result implies that QWS energy shou
decreasewith the film thickness for the energy band abo
the vacuum level because of its oppositeE-k dispersion as
compared with that below the vacuum level. This is the fi
issue we will discuss in this paper.

Another issue we will address is the QWS off the norm
direction. In the Cu/Co/Cu~001! system, which is one of the
representative systems for QW study, QWS’s off the norm
direction were studied in detail only near the neck of t
Fermi surface because of its relation to the short period
cillations of the interlayer coupling.10 Curti et al. found that
the dispersion of QWS’s is strongly influenced by the ene
gap of the substrate, and exhibits a flat dispersion near
neck of the Fermi surface.10 For QWS’s near the norma
direction, the in-plane dispersion was usually used to de
mine the in-plane effective mass of the electron using a p
bolic fitting. It was found that the in-plane effective mass
the Ag~111! system has a strong dependence on the subs
as well as the binding energy.11,12To our best knowledge, the
dispersion of QWS’s in Cu/Co/Cu~001! has not been studie
in detail. Since the energy gap of the Co substrate depe
on the in-plane momentum,10 one has to be careful in obtain
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ing the in-plane effective mass from the parabolic shape
the QWS dispersion near the normal direction. As we sh
in this paper, a little change ink' has a dramatic effect on
the dispersion of the QWS. Therefore a simple fitting to t
parabola QW dispersion will not give the correct in-pla
effective mass.

In this paper, we report the QWS study using ang
resolved photoemission spectroscopy~ARPES! for the Cu/
Co/Cu~100! system. First, QWS’s in the normal directio
were studied for both the lower and upper energy bands r
tive to the vacuum level. Using the PAM model, we c
describe the QWS in both bands as a whole. Second, QW
with different in-plane momentum were studied near the n
mal direction. We found that the QWS dispersion depends
the Cu film thickness and that the quantizedk' changes with
the in-plane momentumki . The latter has a dramatic effec
on obtaining the in-plane effective mass of the electron.

II. EXPERIMENT

A Cu~001! single crystal was prepared by mechanical p
ishing down to 0.25-mm diamond paste followed by electro
chemical polishing.13 Then the Cu substrate was cleanedin
situ with cycles of Ar ion sputtering at 1.5 keV and annealin
at 600–700 °C. The Co and Cu films were grown at roo
temperature by molecular-beam epitaxy. The growth rate
measured by a quartz crystal oscillator. The base pres
was about 1310210 torr, and the pressure during the grow
was about 1.431029 torr. An 8-monolayer~ML ! Co film
was grown on Cu~001! to serve as the ferromagnetic su
strate. Then a Cu wedge of a slope of;5 ML/mm was
grown for the QWS study.

X-ray photoemission measurement was performed
beamline 7.0.1.2 of the Advanced Light Source~ALS! at the
Lawrence Berkeley National Laboratory. The small bea
size ~;50 mm! gave a thickness resolution;0.3 ML on the
wedged sample. 83-eV photon energy was used to selec
electronic states near the belly of the Cu Fermi surface.
photoemission electrons were collected by a Scie
SES-100 analyzer which simultaneously measures the en
©2002 The American Physical Society18-1
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and angular spectra. The angular resolution of the detect
;0.2°. To measure the QWS above the vacuum level, s
ondary low-energy electrons were measured with a nega
40-V voltage applied to the sample to accelerate the emis
electrons.

III. RESULTS AND DISCUSSION

A. Normal photoemission

The Cu energy bands along theGX direction with D1
symmetry consists of twosp bands near the vacuum lev
with the lower band crossing the Fermi level and the up
band;8 eV above the vacuum level.14–16 These two bands
come from band folding with an energy gap opening at
Brillouin-zone ~BZ! boundary. Electrons from both band
should experience quantum confinement due to the pres
of the minority spin energy gap of the Co film. Figure 1~a!
shows the photoemission intensity as a function of the e
tron energy belowEF and the Cu film thickness. Similar t
our previously reported result, the energy increases with
Cu thickness with;5.6-ML oscillation periodicity atEF .
Because the upper band is above the Fermi level, meas
ment of the unoccupied states is needed. Angle-resolved
verse photoemission spectroscopy~ARIPES! is usually used
to measure the unoccupied states, but it is not efficient
states too far aboveEF . For states far aboveEF , especially
above the vacuum level~e.g., the Cu upper band in this pa
per!, angle-resolved secondary electron emission spect
copy~ARSEES! has been employed. For example, Lawet al.
used ARSEES to determine the energy band of graphite u
20 eV above EF which is not accessible by invers
photoemission.17 To eliminate the influence of the residu
magnetic field on the low energy emission electrons, a ne
tive voltage is usually applied to the sample to accelerate
emission electrons though this may sacrifice a little bit of
angular resolution. In fact, such method was successf
used to determine the Cu energy at theX1 point15 as well as
the QWS in the Cu/Co/Cu~001! system.18 Figure 1~b! shows
the photoemission intensity using such experimental meth
The QWS of the upper band can be clearly seen as a func
of energy and the Cu thickness. The energy of the Q
decreases with the Cu thickness, which is opposite to

FIG. 1. Photoemission intensity normal to the film surfaceki

50) as a function of the Cu film thickness and the electron ene
~a! Lower band below the Fermi level.~b! Upper band above the
vacuum energy level. The dotted curves are calculated results
the PAM.
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behavior of the QWS of the lower band. This can be qua
tatively explained by the oppositeE-k dispersion of these
two energy bands. Another feature associate with the up
band QWS is that the QWS energy approaches a partic
energy level at thicker Cu thickness. This energy correspo
to the upper edge of the energy gap at the BZ boundary
bulk Cu.

To quantitatively understand the QWS from these t
bands as a whole, we calculate the position of the QW
using the phase accumulation method6 in which the quanti-
zation condition is given by

2k'
effdCu2fC2fB52pn, n5 integer number. ~1!

Herek' is the electron momentum along the@001# direc-
tion, andk'

eff5kBZ2k' is the effective momentum withkBZ

being the BZ vector.fB andfC are the phase gains of th
electron wave function upon reflection at the Cu/vacuum a
Co/Cu interfaces, respectively. We use the same expres
in Smith et al. to calculatefB andfC .6 Since the Cu elec-
trons are confined by Co minority spin band gap, we take
upper (EU) and lower (EL) energies of the potential wel
from the energy gap of the Co minority spin band along
@001# direction ~for the lower band,EU520.58 eV, EL
53.9 eV; for the upper band,EU59.6 eV, EL52.5 eV).16

The nearly free-electron model is used to describe theE-k
dispersion for both the lower and the upper energy ban
i.e.,

E~k!5
«k1«k22kBZ

2

6AS «k2«k22kBZ

2
D 2

1S Eg

2 D 2

with «k5
\2k2

2m'
*

.

~2!

HereEg is the energy gap at the BZ boundary, andm'
* is

the effective mass of the electron along the normal directi
The ‘‘1’’ and ‘‘ 2’’ signs in Eq. ~2! represent the upper an
lower energy bands, respectively. The Fermi wave vectorkF
can be obtained from the QW oscillation periodicity at t
EF in Fig. 1~a!, i.e., p/ukBZ2kFu55.6 ML. This yields the
value ofkF51.43 Å21 which is very close to the literature
value of 1.44 Å21.19 Using Eqs.~1! and ~2!, we fitted the
photoemission data for both the upper and lower ene
bands withEg andm'

* as the fitting parameters. The fittin
~dashed lines in Fig. 1! agrees reasonably well with the ex
perimental results, and yields the values ofEg56.8 eV and
m'

* 51.14me (me is the free-electron mass!. This proves that
the nearly free-electron model and the PAM describes r
sonably well the QWS along the normal direction for bo
the lower and upper energy bands.

B. QWS dispersion and in-plane effective mass

The in-plane dispersion of the QWS was measured us
ARPES around the normal direction of the film. Figure
shows the typical spectra as a function of the energy and

y.

m
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FIG. 2. The QWS energy versus the in-plan
momentumki at different Cu thickness:~a! 3.3
ML, ~b! 7.1 ML, ~c! 10.3 ML, ~d! 15.2 ML, and
~e! 19.6 ML. The dashed lines are results of par
bolic fitting, andn is the QW index.
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in-plane momentum at several Cu thicknesses. The Q
index n was labeled in Fig. 2. There are several characte
tics that can be seen immediately. First, all QWS’s exh
parabolic shape dispersion as a function of the in-plane
mentumki . Second, the QW dispersion depends strongly
the Cu film thickness. For example, the QWS’s exhi
nearly flat dispersion below 4-ML Cu and gradually devel
into the parabola shape as the Cu thickness increases.
trend can be clearly seen for QWS’s near the energy
20.85 eV at different Cu thickness. It should be mention
that the observed flat dispersion below 4-ML Cu is not as
ciated with the Cod band whose energy is above20.85 eV.

The quadratic dependence of the QW energy onki can be
mathematically expressed as

E~ki!5E01\2ki
2/2mi*

fit . ~3!

In the literature,E0 andmi*
fit are used as fitting paramete

and the fitting result ofmi*
fit was interpreted as the electro

in-plane effective mass.11,12,20 Following the literature, we
performed the fitting~dashed lines in Fig. 2! in the range of
20.3,ki,0.3 Å21 and obtained the value ofmi*

fit for all
the QWS’s@Fig. 4~b!#. The flat dispersion in Fig. 2~a! for Cu
thickness below 5 ML yields a value ofmi*

fit at least greater
than 10me . For other QWS’s, the mathematical uncertain
of themi*

fit fitting is about65%. The value ofmi*
fit obtained

in this way decreases with the Cu thickness.
The good fitting in Fig. 2 proves the quadratic depende

of the QWS energy on theki . Such quadratic relation ca
also be argued from the symmetry of the~001! surface that
the QWS energy should be invariant with respect to the
tion of ki to 2ki so that to the lowest order expansion t
QWS energy should depend quadratically onki . Therefore
Eq. ~3! should be correct phenomenally. However, the
signment of the fitting parametermi*

fit to the electron in-
plane effective mass actually preassumed thatk' does not
vary with ki . This assumption is correct only when the pha
fC andfB do not depend onki @see Eq.~1!#. As pointed out
in Ref. 10, the Co energy gap varies with the in-plane m
mentum, and thus the phasefC and k' in Eq. ~1! should
change accordingly. Therefore the good fitting results in F
2 only prove that Eq.~3! is a correct phenomenological fo
mula, it does not guarantee thatmi*

fit equals the electron
in-plane effective massmi* , i.e.,mi*

fit should be treated only
as a mathematical fitting parameter.

To explore the connection between the fitting parame
mi*

fit in Eq. ~3! and the electron in-plane effective massmi* ,
the following general formula should be used:

E~k' ,ki!5\2k'
2 /2m'

* 1\2ki
2/2mi* ~4!
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with k' depending onki andm'
* 51.14me ~see Sec. III A!.

Thus with Eq.~4! and the phenomenological formula E
~3!, it is easy to show that

k'
2 52m'

* E0 /\21m'
* ~1/mi*

fit21/mi* !ki
2

or k''k'
0 1m'

* ~1/mi*
fit21/mi* !ki

2/2k'
0 , ~5!

wherek'
0 is the value ofk' at ki50. It is clear thatmi*

fit

5mi* only when k' does not depend onki . Otherwise a
quadratic dependence ofk' on ki is expected, andmi*

fit

Þmi* .
To obtain the in-plane effective mass correctly, we need

determine thek' as a function ofki experimentally. This was
done by two steps. First, we measure the QWS versus the
thickness at different in-plane momentumki ~Fig. 3!. The
value of k' at any given energy can be obtained from t
thickness oscillation periodicity of the QWS@see Eq.~1!#.
This procedure basically determines theE-k' relation ~en-
ergy band! at different in-plane momentumki . Figure 3~d!
shows theE-k' relation obtained in this way at three repr
sentativeki values. Second, for a given QWS of indexn in
Fig. 2, we trace the QWS energy at differentki and obtain
the correspondingk' value from theE-k' relation of the
first step. In this way, we determined thek'-ki relation for
QWS of indexn. Figure 4~a! showsk' versuski for several
QWS’s with similar energies (E;20.85 eV). The reason to

FIG. 3. ~a!–~c! Photoemission intensity as a function of the C
film thickness and the electron energy at~a! ki50 Å21, ~b! ki

50.22 Å21, and~c! ki50.39 Å21. ~d! The electron energy versu
k' ~energy bands! obtained from~a!–~c! at the correspondingki .
The numbers are the QW indexn.
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choose the same QW energy is to eliminate the possible
ergy dependence of the effective mass so that we can c
pare thek'-ki relation for different indexn. As shown in
Fig. 4~a!, thek' has different dependence onki for different
indexn, and the quadratic dependence ofk' onki @Eq. ~5!#
can be clearly seen.

After obtaining thek'-ki relation, we can derive the in
plane effective massmi* using Eq.~4!. The results ofmi* for
different QW indexn are shown in Fig. 4~b!. The results of
mi*

fit from a simple parabola fitting using Eq.~3! are also
shown in Fig. 4~b! for comparison.mi*

fit for n51 is omitted
because it is too large. Figure 4~b! clearly shows that there i
a significant difference betweenmi*

fit and mi* . From the
analysis above, this difference comes from the depende
of k' on ki . It is interesting to note that a small variation
k' could cause a big difference betweenmi*

fit andmi* . For
example,;4% change ink' causes;50% difference be-
tween mi*

fit and mi* for n52 QWS, and then51 QWS
effective massmi* is about 0.67me though the QW disper-
sion is virtually flat. Another fact is that themi*

fit decreases
with the Cu thickness, but the corrected effective massmi*
varies little with the Cu thickness.

C. Discussion

Our experimental results show that one has to be car
in analyzing the QW dispersion to obtain the electron

FIG. 4. ~a! The normalized wave vectork' as a function ofki

from QWS’s with similar energies (E;20.85 eV) and different
index n. The solid lines are from parabolic fitting.~b! The in-plane
effective mass versus the Cu film thickness. The solid dots are
fitted in-plane effective massmi*

fit , and the open dots are the in
plane effected massmi* corrected using Eq.~4!.
ys
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plane effective mass. The reason is that the quantizedk'

varies with ki . k' would be independent ofki if the QW
potential barrier were infinitely high, but such a situatio
does not occur when a substrate provides the QW poten
In fact, such effect from the substrate has already been
served in experiments where the in-plane QW dispersio
significantly different for thin films of the same eleme
grown on different substrates.11,12Electronic hybridization at
the interface between the QW thin film and the substrate
suggested to account for the above observations.

For the case of Cu/Co/Cu~001!, tight binding calculation
shows that the minority spin energy gap of the fcc Co d
creases with increasingki and crosses zero atki

;0.45 Å21.10 From the PAM, the phasefC at the Cu/Co
interface depends on the Co energy gap, and thus a varia
of the Co energy gap withki should change the quantizedk'

accordingly. Noting that the QW phase changes from zero
2p as the energy changes from the upper to the lower ed
of the substrate energy gap, the value offC at the same
energy should decrease as the Co energy gap decreases
ki . On the other hand, bothfC and fB increase with the
energy@see Eqs.~2! and~3!# in Ref. 3. The overall change o
k' as a function ofki depends on the competition betwee
the Co gap variation and the QW energy change. Never
less, the dependence ofk' on ki should have the same tren
for all QW indexesn.

IV. SUMMARY

The QWS’s in the Cu/Co/Cu~001! system were studied
using ARPES. For the normal photoemission, QWS’s fro
both the lower and upper bands were measured and
plained using the PAM. The QWS dispersion as a function
the in-plane momentumki was investigated in detail. Ou
results show that the in-plane electron effective mass can
be obtained by a simple parabolic fitting. The dependenc
k' on ki has to be considered to abstract the correct in-pl
effective mass.
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